Abstract-According to the cooperation reception strategy and the hybrid optimization, an interference alignment algorithm is proposed. The algorithm can minimize leakage interference and maximize ideal receiption signal power. Firstly, according to the receiver cooperation technology, the pre-coding vectors of transmitter terminal can be estimated by receiver terminal, where these vectors need not be known in advance. In addition, the sum of interference covariance matrix is enough to describe the statistical features of interference alignment problem, which can quickly devise cooperation reception structure. Therefore, based on the bargaining process of cooperation game theory, the optimal full-cooperation mechanism of all the receivers can be selected. The simulation results show that compared with traditionary distributed interference alignment mechanism, our proposed interference alignment mechanism based on cooperation reception strategy and hybrid optimization technology has excellent feasibility under various transmission-power conditions.
I. INTRODUCTION
For decades, there are so many researches about multi-user multiple input multiple output (MIMO) interference channel. In the existing research algorithms [1] , the upper bound of throughput for vector Gaussian interference channel and the capacity region for strong interference in the square invertible MIMO channel have been obtained. Although there are so many research results, few papers can fully and precisely describe the multi-user MIMO interference channel. In fact, that is because the preloaded factor or freedom degrees of MIMO interference channel have not been thoroughly studied the impact of hard problem on the system [2] . As for each receiver, all the interferences can be constrained into a reducible dimensional subspace, and then the ideal reception signals are also mapped to an independent subspace. The interference alignment technology is to align interference signals with ideal reception signals so as to maximize the freedom degrees of MIMO interference channel. In the classical interference alignment technology, the relativity concept is adopted to design a pre-coding vector for each transmitter (namely, so-called pre-coder) [3] . Thus, these interferences from different transmitters can be spanned into the same subspace at each receiver (so-called alignment). In reality [4] , this method which require channel state information (CSI) [5] is integrated and centralized, which makes the algorithm not only applies to quasi-static fading channel, but also gets considerable overhead so as to perfectly estimate the CSI and share in all transmitters.
In order to overcome the above limitations, some alternative mechanisms are proposed, where well-known alternative schemes are the minimum leakage interference algorithm (MLI) and maximum signal interference noise ratio algorithm (MaxSINR) [6] . In these algorithms, the pre-coder is optimized iteratively, which requires only local channel information with positive step [7] . However, the MLI algorithm and MaxSINR algorithm not only still need the CSI be known by receivers, but also assume that the receivers have known the latest form of the pre-coding vectors at each iteration [8] . Nonetheless, these solutions solve the limitations of the classic interference alignment technology, which ensures each receiver can perform independently iterative alignment and suppress their own interference. Therefore, the MLI algorithm and the MaxSINR algorithm cause us to study deeply about the cooperation among receivers and the significance of such cooperation [9] . The existing research results show that the cooperation reception can help reduce interference in the two-user interference channel [10] .
In this paper, our proposed algorithm is a modified version of the MLI and MaxSINR algorithms, which can reduce the requirement of the pre-coding vector for the receiver in each iteration. In addition, receivers share own backward CSI through cooperation manner, which makes each receiver independently estimates the pre-coding vectors in each iterative interference alignment optimization problem. The interference alignment optimization problem is achieved by the cooperation of receivers, which is to minimize leakage interference [11] [12]. However, the transmission terminal is greedy, which will maximize the signal power of the ideal receiving terminal [13] . According to the cooperation game theory, all of the receivers must be involved to maximize the spectrum efficiency of our proposed algorithm. The paper also analyzes its feasibility under this condition and discusses its improved algorithm compared to the MLI algorithm and MaxSINR algorithm.
The rest of this paper is organized as follows. In Section one, the MIMO interference channel alignment theory is described and analyzed deeply, including the system model and the brief review of interference alignment mechanism [14] . The complete cooperation algorithm is proposed in Section two. And then the cooperation-game theory of the cooperation receiver is introduced and analyzed in Section three. The four Sections will analyze and show the simulation results. The conclusion is made in Section five.
The notation is shown as follows: the standard lowercase and uppercase letters denote scalars. Bold lowercase and uppercase letters denote vectors and matrices, respectively. In addition,   Tr X denotes the trace of a matrix X , † denotes the conjugate transpose, 
II. MIMO INTERFERENCE CHANNEL ALIGNMENT THEROY
The system model is first introduced in this section, and then the basic condition of interference alignment is discussed and a well-known distributed linear interference alignment algorithm is briefly described. In addition, our proposed algorithm is based on their improvements.
A. System Model
K-user MIMO-IC channel [15] is adopted as the system model in this paper. Each transceiver pair   , lk has l M transmitter antennas and k N receiver antennas, as shown in Figure 1 .
The freedom degree of transmission terminal l is denoted as
As for receiver k , its reception signal is a superposition of the ideal signal and the interference signal with noise [16] , which is written as follows: 
B. Review of Interference Alignment Mechanism
Generally, if the number of the symbol transmitted by transmission terminal satisfies the constraint , ll dl  s , the interference alignment can be performed by a receiving terminal [19] [20] .
Actually the linear interference alignment mechanism is a design method, which mainly designs the precoder l V in transmission terminal l and the compressor k U at receiving terminal k . In order to make the channel gets the full freedom degrees, l V and k U must be linear independence, which shows the precoder matrix and compressor matrix are full rank [21] .
Note that the above conditions can be satisfied when the pre-coder matrix and the compressor matrix are highly orthogonal [22] [23] . The transmission terminal randomly chooses an orthogonal precoder matrix l V in JOURNAL OF NETWORKS, VOL. 9, NO. 6, JUNE 2014 1625 distributed linear interference alignment method, and then the receiver optimizes the initial compressor matrix k U from the orthogonal matrix. The two matrixes are improved iteratively [24] .
In each iteration, the optimal l V and k U are sent to the receiver and the transmitter through MIMO channel, respectively. It is assumed that the MIMO channel has reciprocity [25] [26] . In addition, it is also assumed that it is non-degenerate. The sample of complex Gaussian random variables with independent and identical distribution is zero mean and unit variance. It is also full rank with probability one [27] [28] .
After the interference is aligned, we can get the following equations: † 0,
The above Equations should satisfy some constraint conditions, as shown in Equations (4) and (5)
The assumption of channel non-degenerate can ensure the equation is satisfied, other equations will also be satisfied with probability 1. That is to say the total ideal subspace is contained in the signal space if the interference subspace is empty.
In order to design the receive suppressor k U at receiver in the MLI and MaxSINR algorithms, the full information of forward channel and pre-coding matrix l V must be achieved simultaneously. What's worse, in order to design the next pre-coding matrix, the full information of backward channel, reciprocity and the latest k U must also be achieved simultaneously. In other words, in order to overcome the distributedness of the method, enormous expenses will be produced and the channel is also strictly limited, namely, the channel needs to occupy long coherence times. Besides the above limitation, the MLI and MaxSINR have not been fully optimized, where each algorithm only optimizes the part of the network performance, namely, either the leakage interference or the power of received signals.
The MLI algorithm will make the interference subspace is equal to zero in each iteration, and then the remaining interference is minimized. Thereby, the leakage interference in transmitter l , channel kl H and , 1, 2, , l lK  V pre-coding matrix is completely set as zero so as to design the optimum suppressor matrix k U at receiver k . The algorithm will be optimal after beam-former l V designed by transmitter l is a receiver in next step. And then the receiver k (so-called transmitter in next step), backward channel
precoder in next step)) are adopted to control the leakage interference.
As for the MLI and MaxSINR, they are belonged to the distributed linear interference alignment algorithm, but there is a difference, which is to optimize the objective at each iteration. The MLI algorithm minimizes the interference power to create an interference-free subspace, without considering the ideal signal power; while the MaxSINR algorithm is to optimize the SINR of the receiver, which make the maximization of the SINR of receiver, without considering any possible residual (leakage) interference.
III. INTERFERENCE ALIGNMENT ALGORITHM BASED
ON MIXED OPTIMIZATION This part introduces the cooperative interference alignment algorithm, which breaks the limitation of the interference alignment algorithm. That is to say the interference leakage is minimized while the ideal receiption signal power is maximized in our proposed algorithm. In addition, these receivers cooperate with each other, which makes the receivers work even without knowing the precise information of pre-coding matrix.
A. Minimization of Interference Cooperation
Minimization of interference cooperation is the forward step of the algorithm.
Take
x V s as the l th transmitter of sending signals, then the signal from the k th receiver can be expressed as follows:
Assume that each receiver knows the state information from their corresponding transmitter channel, and shares the channel state information and respective receiption signals between receivers. Through this cooperation, each receiver has complete information, which is shown as follows: 
The vector can be expressed in estimation of each receiption signal, as shown in equation (10) .
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The k th receiver forces its interference to zero through the compressed matrix, which makes the received signal contains only the ideal signal. After the interference converges to 0, the leakage interference power of the k th receiver can be expressed as follows.
The average transmit power of the l transmitter is expressed as l P , and kl Q is implicitly defined as the interference covariance matrix of the k receiver, which is corresponding to the interference estimation.
Note that
I UQ is an estimate of the leakage interference. Each receiver can compute this estimate, and does not need any exact information. After getting the interference estimation, the k receiver solves the optimization problem, as shown in equation (12) .
The following paper is to solve the calculation process of the optimization problem. Consider about the eigen-decomposition of sum Then the optimal compression matrix can be given. † 12 , , ,
We can see from the process of solving the optimal solution that the leakage interference minimization problem actually depends only on sum
Therefore, the cooperation mechanism discussed here can be effectively completed by only adopting a coordinator.
The coordinator first collects the information of Finally, the information is sent back to the corresponding receiver.
B. The Maximum Power Cooperation
Cooperative power maximization is backward step of algorithm. For the same optimization problem, such as minimizing of leakage and interference in the MLI algorithm and maximizing ideal received power in the MaxSINR algorithm, The proposed algorithm in this paper is different from the two kind of traditional algorithms that requires a repeated solution in the above two algorithms. In the backward step of the proposed algorithm is no longer required to solve the optimization problem in step forward.
Whether we need to repeat the optimization problem is studied in the following conditions: the number of the transmitter and the receiver are equal, and each sending terminal has only one corresponding receiver. In this case, the receiver makes the interference is close to zero, the backward step of algorithm can be proceed as a greedy power optimization, and the optimization problem is solved in the lth sending terminal, as shown in formula (15) 
As mentioned before, the 
Above two steps are in iterative operation until the algorithm convergence. Since the leakage interference must be minimized to 0, so the feasibility condition of interference alignment ensures the convergence of the algorithm. Besides the feasibility condition, the algorithm stops after the norm is less than a predefined threshold in continuous two pre-coding matrix / compression matrix difference.
IV. ANALYSIS OF THE FULL COOPERATION HYPOTHESIS WITH THE COOPERATION GAME THEORY
Before the performance simulation results of the interference alignment algorithm are given, the optimality of full-cooperation hypotheses needs to be analyzed. This problem can be analyzed from the perspective of the game theory. Specifically, it is analyzed from the perspective of cooperation game. At first, the relative terminology of the cooperation game is given as follows.
Terminology: in the cooperation game, some players form a coalition, and make a common action to boost their income. If the game income distribution has no constraint, so the income can be transferred. When all users participate into the game, it is called "a big coalition". Finally, if the value is not dependent on external coalition, then the cooperation game is called as characteristic function form (CFF), otherwise the cooperation game is said to have a partial function form (PFF). Assume   12 , , , K r r r  is a receiver set,  is its subset in coalition, and the cardinality is . If function v receives a real value   v from the nonempty set , the value is called the benefits for members from all partitions available. The cooperation game can transfer income, which can be expressed as , v . As for any two coalitions, the cooperation game with transferable income is super-additive.
The core of the cooperation game is the concept of the solution in CFF, where the game set makes the joint better through common action without destroying it. If the core of the cooperation game exists and is not empty, then the combined form is stable, and can be seen as a solution for the optimization problem.
Assuming that the receivers' cooperation does not need any overhead, k r incomes of the receiver can be adopted as the sum rate, as shown in equation (19) .
is the biggest mutual information between sender l and receiver k . The maximum here is selected in all possible input distribution, where
is the input uncertainty,   xy is the condition uncertainty. Assume that of receivers is not influenced by the external game, it is called the game without externalities. The income of the cooperation game is the sum of all income, as shown in equation (20) .
where,
is the pair of the sender and the receiver, which can obtain the maximum mutual information.
In the given model, due to the cooperation game without externalities, the benefits   v are super additive, i.e. as for any two disjoint union 1 and 2 , both can be applied into such formula (21)       
Substituting the Equation (22) into the Equation (23), then the result will be obtained.
The results have been proved that the core of the game has always been there. It also means that the cooperation will always get better and more stable results. At the same time, it also proves the optimality of the choice for full receiver cooperation in the above algorithm.
V. SIMULATION RESULT AND COMPARATIVE ANALYSIS
Assuming only two players take part in the game, the game result is shown in Figure 2 . The abscissa denotes the game round, while the ordinate denotes leakage interference probability of the antenna allocation when the transmission power is 0dBm or 20dBm. We can see that our proposed algorithm has better performance than MLI algorithm and MaxSINR algorithm. It is also seen that our proposed algorithm has the same performance comparing with MaxSINR algorithm. As it is easy to find from the below figure, the leakage interference probability of MLI algorithm and MaxSINR algorithm are 0.2 and 0.4, respectively. In addition, the leakage interference probability of our proposed algorithm is 0.7. Therefore, our proposed algorithm can have better performance than MLI algorithm and the MaxSINR algorithm. In addition, both cases of 3 users are considered in interference channel model, namely, 2,
 . In each case, the change of the sum rate SNR is shown and the result of our proposed algorithm is compared with those of MLI and MaxSINR, as shown in Figure 3 .
We can see that our proposed algorithm has better performance than MLI inboth cases. It is also seen that our proposed algorithm has the same performance 1628 JOURNAL OF NETWORKS, VOL. 9, NO. 6, JUNE 2014 comparing with MaxSINR algorithm [29] in the first case, while our proposed algorithm has better sum-rate; In addition, our proposed algorithm has a higher sum-rate than that of MaxSINR algorithm in the second case. Figure 3 . The change of sum rate SNR over time
The feasibility of interference alignment can be measured by the percentage of the interference on the ideal signal space, which is mathematically denoted as follows:
where, Upper bound of interference alignment is showed in Figure 4 . In addition, Figure 5 shows the change relationship between the percentage of the leakage interference and the reachable sum freedom degree when the transmission power is 0dBm or 20dBm. The number of users is 3 in all of the power allocation. In addition, antenna allocation has also two cases, which is 3 MN  and 4 MN  , respectively.
We can see from the figure 4 that our proposed algorithm can achieve better performance than that of minimal leakage interference algorithm in low the receiving terminal has only few residual interferences, our proposed algorithm can approximately reach the constraint. Generally speaking, the simulation results show that our proposed algorithm can achieve better feasibility and interference alignment performance than MLI algorithm and MaxSINR algorithm in low transmit-power. VI. CONCLUSION According to the MLI algorithm and the MaxSINR algorithm, a cooperative and hybrid distributed interference alignment algorithm is proposed. The hybrid feature of our proposed algorithm can maximize the ideal signal power (backward step) and minimize the leakage interference (forward step). After introducing the receiver cooperation mechanism, there is no need for the receiver to know the precise information of pre-coding matrix at each step. The optimum full-cooperation manner of the receiver is analyzed from the perspective of a union game theory. The simulation results show that our proposed algorithm can have better performance than MLI algorithm and the MaxSINR algorithm when performing the receiver cooperation and hybrid optimization. In order to indicate the statistical property of interference alignment algorithm, it is found that only the sum of interference covariance matrix is enough. Based on the result, a steady random distributed interference alignment algorithm will be designed in the future.
